The 17q21.31 inversion polymorphism exists either as direct (H1) or inverted (H2) haplotypes with differential predispositions to disease and selection. We investigated its genetic diversity in 2,700 individuals, with an emphasis on African populations. We characterize eight structural haplotypes due to complex rearrangements that vary in size from 1.08-1.49 Mb and provide evidence for a 30-kb H1-H2 double recombination event. We show that recurrent partial duplications of the KANSL1 gene have occurred on both the H1 and H2 haplotypes and have risen to high frequency in European populations. We identify a likely ancestral H2 haplotype (H2′) lacking these duplications that is enriched among African hunter-gatherer groups yet essentially absent from West African populations. Whereas H1 and H2 segmental duplications arose independently and before human migration out of Africa, they have reached high frequencies recently among Europeans, either because of extraordinary genetic drift or selective sweeps.
A r t i c l e s
Chromosomal rearrangements occur in many species and can contribute to phenotypic variability and genomic evolution [1] [2] [3] [4] [5] . Compared to other structural variants, inversions may be under different selective pressures, because recombination is suppressed between heterokaryotypes [6] [7] [8] [9] . The 17q21.31 inversion locus represents one of the most dynamic and complex regions of the human genome. Two haplotypes exist, in direct (H1) and inverted (H2) orientation, which previous studies have shown do not recombine over nearly 2 Mb, resulting in extended linkage disequilibrium (LD) 10 . The H2 haplotype is enriched in Europeans, and carriers are predisposed to the 17q21.31 microdeletion syndrome as a result of non-allelic homologous recombination (NAHR) between directly oriented segmental duplications present on the inverted chromosome [11] [12] [13] [14] . A recent study of copy-number variation in the 1000 Genomes Project showed that a 205-kb duplication is associated with 30% of European H1 haplotypes, whereas a smaller 155-kb duplication in the same region is fixed in European H2 haplotypes 15 . The latter predisposes to NAHR and, thus, to the 17q21.31 microdeletion syndrome.
Using short tandem repeats, a recent study 16 estimated that the time to the most recent common ancestor (TMRCA) with the H2 haplotype was between 16,000-108,000 years ago and that the H2 haplotype originated in Africa; however, sequence divergence between H1 and H2 indicates a more ancient coalescence of 2.3 million years ago. The discovery of an H2 haplotype without duplication from the genome sequence of a Khoisan Bushman 17 suggested recent structural changes in the evolution of the H2 lineage. Given the importance of the H2-specific duplication in disease and its substantial population stratification, we explored the architecture of this region in more detail using a combination of next-generation sequencing (NGS), array-comparative genomic hybridization (aCGH) and FISH in a total of 2,700 individuals from diverse geographic populations. We specifically surveyed the distribution of the H2 haplotype in African ancestry groups with variable modes of subsistence, focusing on hunter-gatherer populations, to capture potentially ancient structural and nucleotide diversity. previously described 15 ( Supplementary  Tables 1 and 2 ). The region consists of three large copy-number polymorphic (CNP) segmental duplications ( Fig. 1) , which include short (155-kb) and long (205-kb) duplications corresponding to the promoter and first exon of KANSL1 (previously called KIAA1267) associated with the H2 and H1 haplotypes, respectively. For simplicity, we refer to these duplications as CNP155 and CNP205, respectively. We found that almost 60% of Europeans carry at least one of these duplications (Fig. 1a,b) ; however, they are virtually nonexistent in African and Asian populations (Fig. 1c) . The third polymorphism is 210 kb in length and spans most of the NSF gene upstream of KANSL1 (CNP210) 15 . Asian populations show higher copy number of CNP210 compared to European and African populations. In fact, individuals with four haploid copies of this duplication-an estimated 800 kb of tandem repeats-are exclusively of Asian descent (Fig. 1c) .
Alternative structural configurations of 17q21.31
To further investigate the genomic organization of the region, we performed FISH experiments on 30 individuals of diverse ancestry ( Fig. 2a and Supplementary Table 3 ). In this sample, the region on chromosome 17 was inverted on 35 of the 60 chromosomes analyzed, and the results from all 35 were concordant with those from the PCR assay diagnostic for the H2 haplotype inversion ( Supplementary  Fig. 1 ) 18 . We did not observe any non-inverted H2 chromosomes, in contrast to what has recently been reported 19 . FISH and aCGH experiments confirmed three haploid copy-number states for the KANSL1 locus (copy number = 1, 2 or 3) and three haploid copy-number states for the NSF locus (copy number = 1, 2 or 3). We analyzed 21 samples of African descent ( Supplementary Fig. 2 and Supplementary Table 4 ) and found that the H2-specific duplication (CNP155) was highly polymorphic among Africans.
Using two constructed BAC-based assemblies corresponding to one direct and one inverted haplotype 13 together with read depth-based copy-number estimates, BAC pool sequencing (F.A., P.H.S., J. Kitzman, C.T. Amemiya and E.E.E., unpublished data) and FISH, we characterized at least eight alternate structural configurations of the 17q21.31 region, which are markedly different in their organization and duplication content (Fig. 2b) . Four main structural haplotypes can be defined on the basis of inversion status and the copy-number status (CNP205 and CNP155) of KANSL1 duplications: H1′ (direct) and H2′ (inverted) carry no duplications of KANSL1, H1D (direct) has two copies of CNP205, and H2D (inverted) has two copies of CNP155. We further identified configurations with three copies of CNP205 as H1D.3, whereas H1′ configurations with no NSF duplications were defined as H1.1, with two copies of CNP210 as H1.2 and with three copies as H1.3. Similarly, H2′ configurations with one copy of NSF were defined as H2.1 and with two copies as H2.2. Notably, all H1D haplotypes analyzed showed a fixed copy number of 1 for NSF, and all H2D haplotypes had a fixed copy number of 2 (CNP210). The H2.1 haplotype was among the simplest, carrying single copies of all CNPs, including CNP210. The NSF CNP was highly variable among H1′ haplotypes, ranging from 2-8 diploid copies. FISH experiments using a probe mapping to both CNP155 and CNP205 and a probe mapping uniquely to CNP205 showed that the proximal breakpoints of the duplications were different and that the duplications mapped to different locations (tandem duplication on H1D and interspersed on H2D, respectively), strongly suggesting that the two duplications occurred in independent events ( Supplementary  Fig. 3 ). An independent, parallel study by Boettger et al. 20 reports multiple distinct haplotypes also defined on the basis of duplication content and organization (Supplementary Table 5 ). Supplementary Fig. 4 and Supplementary Tables 6 and 7). We used previously published SNPs mapping to the inversion 10, 16 and our copy-number estimates in combination with publicly available phased SNP data to identify additional inversion-and haplotypespecific duplication-tagging SNPs (Supplementary Table 8 ).
We were able to accurately type 818 African individuals from 23 diverse ancestry groups for the H1, H2′ and H2D haplotypes. We tested the H2 orientation of nine samples for which cell lines were available and confirmed the presence of the inverted orientation in all these individuals (Supplementary Table 3 ). We were unable to identify common SNPs that could distinguish H1′ from H1D haplotypes. We found that the H2 haplotypes are almost absent in western African populations but are much more prevalent in eastern African populations (Fig. 3) than was originally estimated 10, 16 . For example, we examined 286 Maasai individuals and found the H2 haplotype frequency to be approximately 7%, although the H2 haplotype was thought to be absent from this population 16 (Table 1 ). The highest inversion frequency was 13%, found in the Beja from Sudan-a population that has experienced substantial gene flow from Middle Eastern populations 16 where the frequency of H2 haplotypes is enriched. The inversion was nonexistent in populations speaking Niger-Kordofanian languages, with the major exception of the Biaka and Bakola Pygmies, in whom the inversion was found at a frequency of ~5%. The H2′ haplotype was primarily found in hunter-gatherer populations-the San, Hadza, Bakola, Biaka, Mbuti and Sengwer. The highest frequency of H2D was found in the Boni, Maasai and Sandawe.
Evolutionary age of duplication events
To understand the evolutionary history of this region without the complication of recombination, we used the alignment of phased SNPs from a 136-kb LD block within the inversion interval to build a maximum-likelihood tree for each haplotype and ancestry group in the HapMap Project (Fig. 4a) . On the basis of this analysis, we made four important observations. First, there was strong bootstrap 13 . Hashed boxes correspond to regions present in single copy in that specific haplotype but duplicated in others. Dots, FISH probes; arrows, direction of repeat. The locations of three core duplicons are shown. These represent some of the most abundant and rapidly evolving duplicated sequences in the human genome 50 . The duplication content for each haplotype is indicated in parentheses. Four main haplotypes are defined on the basis of KANSL1 copy number and the length of the duplication (Boettger et al. 20 nomenclature in parentheses): H1′ (direct) and H2′ (inverted) with one copy each of KANSL1, H1D (H1.β2.γ1) with a long duplication of the gene and H2D (H2.α2.γ2) with a short duplication. H1′ configurations with one copy of NSF are defined as H1.1 (H1. β1.γ1), with two copies as H1.2 (H1.β1.γ2) and with three copies as H1.3 (H1.β1.γ3). H1D configurations with three copies of the long duplication are defined as H1D.3 (H1.β3.γ1). Similarly, H2′ configurations with one copy of NSF are defined as H2.1 and with two copies as H2.2 (H2.α1.γ2).
npg support indicating that the H1 and H2 haplotype clades are completely distinct. Second, there was strong support for the hypothesis that the H1′ haplotype is ancestral to the H1D haplotype. Third, the H2 and H2D haplotypes showed little to no variation. Finally, the analysis strongly suggested that the H1-and H2-specific duplications of the KANSL1 locus were separate, derived events.
To overcome SNP ascertainment biases, we obtained complete genomic sequence from the representative haplotypes, including all possible single-nucleotide variants (SNVs). We sequenced H2D haplotype-resolved fosmids derived from a European individual (NA12156) carrying this duplication 22 , analyzed a European H2′ homozygote (NA20589) and a Maasai H2D homozygote (NA21599) using NGS and used publicly available sequence from a San Bushman (KB1) 17 carrying the H2′ haplotype and an H1D homozygous individual (NA12878) from the 1000 Genomes Project. We also included previously published assemblies of the H1′ and H2D haplotypes from the RP11 BAC assemblies 13 and used these references to assist in sequence alignment for the other genomes.
We constructed an unrooted neighbor-joining tree ( Fig. 4b) using Kimura two-parameter distance estimates based on sequence alignments to the unique 204,447-bp portion of the inversion region. Consistent with previous analyses, we estimated that the H1 and H2 haplotypes coalesced approximately 2.3 million years ago. There was, however, a notable dearth of genetic diversity on the H2 lineage ( Table 2) . We expect nucleotide diversity (π) between any two chromosomes from a constant population size that is evolving neutrally to be approximately 0.001 (ref. 23) . For the H1 lineage, π was equal to 0.00047 but was nearly four times lower for the H2 lineage (π = 0.00012). Although our sample size was small, we note that π was lowest for the H2D haplotype in comparison to the H2′ haplotype (0.00004 versus 0.00025). We observed virtually no sequence differences in the inversion region between the genomic sequences of individuals with the H2D haplotype. This is unlikely to represent cryptic ancestry between these individuals, as whole-genome comparison of RP11 and NA12156 suggests an average heterozygosity of 0.000943 ± 0.000597. The topology of the tree, as well as the lack of diversity on the H2 haplotypes, is suggestive of a recent bottleneck followed by population expansion or selective sweep.
We estimated the coalescent time of the H2 and H2D haplotypes in African populations to be approximately 136,000 ± 19,000 years ago and the coalescent time between African and European H2 haplotypes to be 48,000 ± 11,000 years ago (Supplementary Table 9 ). The European H2′ and H2D haplotypes were more similar than the African and European H2D haplotypes, suggesting that the European H2′ haplotype has possibly undergone homogenization with the more predominant H2D haplotypes. The H1′ and H1D haplotypes had a much older date of coalescence of approximately 250,000 ± 26,000 years ago, consistent with published data 10 . We present these dates with the caveat that they represent an average coalescent time over the entire interval, given that H1′ and H1D haplotypes and H2′ and H2D haplotypes can freely recombine, and these segments may represent sequences from multiple common ancestors.
We compared the sequence in the duplicated regions for each haplotype clade to obtain a more accurate evolutionary age for the duplication events that was not biased by recombination events across the inversion interval. We aligned the NA12878 H1D sequence to the RP11 H1′ sequence at CNP205 to estimate the age of the H1 duplication, which we found to have occurred 247,000 ± 20,000 years ago. We repeated this analysis for the H2D sequence (CNP155) from NA21599, aligning it to the reference H2D sequence from RP11, and estimated that this duplication occurred 1.3 million ± 106,000 years ago. This finding is consistent with the range of values estimated for the duplication in previous analyses 10, 13 . We note that the H2 duplication was much older than coalescence determined using the unique sequence of the sampled H2 haplotypes, which was estimated to have occurred from approximately 48,000 to 136,000 years ago, depending on the pairs of haplotypes chosen for analysis and the segment of DNA analyzed. These more recent coalescent times for H2 haplotypes are consistent with the recent TMRCA of H2 haplotypes observed in a previous study 16 that analyzed short tandem repeat polymorphisms within the inversion interval. These discrepancies are noteworthy and suggest that selection on the H2 haplotype resulted in the recent coalescence of extant H2 haplotypes.
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H1 and H2 haplotype exchange
In general, inversions are predicted to result in complete suppression of recombination; therefore, sequence divergence is expected to be higher than in freely recombining chromosomal segments. We examined the sequence divergence between the H1′ and H2D haplotype sequences from the RP11 BAC assembly. The average value of π between the two haplotypes was 0.00416; however, we identified a 30-kb stretch of sequence over which the average value of π was 0.0005. This level of divergence was significantly different from the distribution of nucleotide diversity over the entire inversion interval (Kolmogorov-Smirnov D = 0.9345; P = 0) (Fig. 5a) . The region of relatively high sequence identity overlapped the 5′ region of the CRHR1 gene (encoding corticotropin-releasing hormone receptor 1), including the promoter and first two exons. CRHR1 is involved in anxiety-related behavior and stress adaptation [24] [25] [26] [27] [28] .
To study the history of this region in greater detail, we constructed a series of medianjoining haplotype networks (see URLs) using Over the proximal and distal intervals, the H1-and H2-containing chromosomes were cleanly divided into distinct haplotype clades (Fig. 5b,c) . In contrast, over the homogenized CRHR1 region, we found that 15 H2′-and 123 H2D-containing chromosomes as well as 197 H1′-and 27 H1D-containing chromosomes grouped together in a single haplogroup (Fig. 5d) . Thus, over the 5′ segment of CRHR1, some H1 haplotypes have a sequence unusually similar to that found in H2 haplotypes. As this region is too large for a gene conversion event, this likely represents a historical double recombination event between the H1 and H2 haplotypes. This haplogroup configuration was found in all major continental groupings of HapMap, suggesting that the double recombination event predated the dispersal of modern humans out of Africa.
DISCUSSION
On the basis of our survey of structural genetic diversity from 2,700 diverse population samples, we conclude that the H1-and H2-specific duplications evolved independently and that an absence of duplication was ancestral in both the H1 and H2 lineages. We have resolved eight distinct structural haplotypes that vary in size from 1.08-1.49 Mb. Five of these haplotypes belong to the H1 lineage, whereas three belong to the H2 lineage. The least complex haplotype with regard to duplication architecture was the H2.1 haplotype, which is consistent with the H2 haplotype reported for the San Bushman. European and Mediterranean populations showed a marked enrichment of duplicated haplotypes (60% frequency) compared to any other worldwide population group. In comparison to the inversion, these duplications showed greater population stratification. These population differences have important implications for disease with respect to the 17q21.31 microdeletion syndrome 11, 14, 29 . Because the H2D haplotype is the only one out of eight possible configurations with homologous segmental duplications in direct orientation flanking the disease-critical region, only carriers of the H2D haplotype are predisposed to the 17q21.31 microdeletion through NAHR. Thus, European populations are at much higher risk for this syndrome than are Asians and Africans. The H2′ inversion haplotype (enriched among Africans and southern Europeans) does not carry the predisposing duplication, and, therefore, populations with this haplotype are not at risk for this recurrent deletion. We found that 97% of the 17q21.31 microdeletion syndrome cases reported in the literature occurred in individuals of European descent 30 . A screen of 1,084 samples from African-American individuals with developmental delay by TaqMan assay found no occurrence of the 17q21.31 microdeletion 31 . The only known African-American 17q21.31 microdeletion reported 30 had breakpoints mapping outside of the segmental duplications and, thus, occurred by a mechanism other than NAHR.
Our analyses show that either the H1′ or H2′ haplotype is ancestral; however, combined with previous analyses, the results presented here favor H2′ as the ancestral haplotype of the genus Homo. First, 90% of the SNPs that are monomorphic in H2 haplotypes but polymorphic in H1 haplotypes matched the chimpanzee allele, but only 60% of SNPs that are monomorphic in H1 haplotypes and polymorphic in H2 haplotypes matched the chimpanzee allele 13 . Second, the idea that the inverted configuration is the ancestral state is supported by the results of an analysis of Old World and New World monkeys 13 . Finally, our phylogenetic and coalescent analyses provide strong evidence for an African origin of the H2 haplotype. We found the H2′ haplotype among populations thought to map near the root of human phylogeny, such as the San Bushman and other hunter-gatherers, including the click-speaking populations of Tanzania and Pygmies. Previous studies suggest an ancient genetic affinity and shared ancestry among these groups 21, 32 . Additionally, our analyses indicate that the San H2′ haplotype has an older evolutionary age than the African H2D and European H2′ haplotypes.
Despite its high frequency among European populations, the H2 haplotypes showed extraordinary homogeneity. The ancient coalescence of H1 and H2 and the excess of rare polymorphisms in H2 haplotypes indicate a recent bottleneck or selective sweep, particularly in the European H2D lineage, where nucleotide diversity was found to be the lowest. Recent analyses support the original observation that the H2 haplotype is associated with increased mean rates of recombination in females 33 . It is also known that females with increased mean rates of recombination have more offspring 34, 35 , strengthening the evidence for a selective advantage for H2D carriers. This observation remains intriguing, as the duplication architecture associated with H2D carriers clearly predisposes to microdeletion 14 and must therefore be subjected to weak purifying selection. 
A r t i c l e s
Among the 887 informative SNPs distinguishing the H1 and H2 haplotypes, there are 9 missense, 9 synonymous and 22 UTR mutations on the H2 haplotype (Supplementary Table 10) . Seven of the nine missense mutations are in IMP5 (encoding intramembrane protease 5), and four of these are predicted to alter the protein structure by PolyPhen 36 . The H1 alleles containing two of the four mutations predicted to alter amino acids have previously been associated with Parkinson's disease 37 , and the missense mutations on the H2 haplotype may therefore represent nucleotide substitutions that are under positive selection. Notably, the H2 haplotypes carry the derived allele for these four SNPs, whereas the other SNPs that are not predicted to alter the protein retain the ancestral allele with respect to the chimpanzee. The H2 haplotype has potentially changed functionally, while the H1 haplotype has kept a structure more similar to that found in chimpanzee, lending some support to the hypothesis of selection on the H2 haplotype. The IMP5 gene is predicted to be under purifying selection using maximum-likelihood analyses of eight mammalian species (data not shown), although nonsynonymous mutations are not uncommon during evolution. The two remaining missense alterations are in KANSL1-a gene that, when mutated, results in a phenotype similar to the 17q21.31 microdeletion syndrome 38, 39 . Both variants are not predicted to alter the protein structure by PolyPhen but are highly conserved (genomic evolutionary rate profiling (GERP) scores between 2 and 4).
It is also not clear why the H1D haplotypes have risen to such high frequencies in European populations. Given that certain H1 haplotypes are associated with neurological disorders, such as Parkinson's disease 40, 41 , Alzheimer's disease 42 and progressive supranuclear palsy 18, 43, 44 , we examined association between the duplication and these disease-predisposing haplotypes in individuals from the 1000 Genomes Project (Supplementary Table 11) . We found that the duplication was present less often than predicted by linkage equilibrium for the H1c haplotype (P < 0.0001), which is a risk haplotype for Alzheimer's disease and progressive supranuclear palsy 42, 43 . The duplication was extremely rare on Parkinson's disease risk haplotypes 40, 43, 45 ; however, given the sample size and low frequencies of the Parkinson's disease risk haplotypes in the population, we were unable to assess whether these associations were significant. Nevertheless, these observations suggest that the disease risk haplotypes probably arose on H1′ haplotypes, indicating that further investigation into the possible protective role of the duplication in these diseases is warranted. The H2 haplotype, which almost always bears the duplication in Europeans, is protective against many of these diseases 40, 45 but predisposes to microdeletion associated with intellectual disability.
If there is a selective advantage to both the H1D and H2D haplotypes, one possible reason for this may be the recurrent duplications involving both the promoter and first exon of KANSL1. KANSL1 encodes a chromatin modifier that is thought to have a role in complex brain function and has been associated with the 17q21.31 microdeletion syndrome 11, 38, 39, 46 . We note that KANSL1 gene expression is increased in the brains of individuals with Parkinson's disease compared to controls 40 , suggesting that dysregulation of KANSL1 expression may have phenotypic consequences of disease relevance.
Another notable observation was the striking absence of genetic diversity within a 30-kb stretch of CRHR1 between H1 and H2 haplotypes despite the deep evolutionary divergence of the haplotypes 2.3 million years ago. The observed decrease in divergence at the CRHR1 locus is reminiscent of diversity patterns observed among some highly divergent human leukocyte antigen (HLA) haplotypes-a group of haplotypes that, like the 17q21.31 interval, are otherwise characterized by high sequence diversity and reduced recombination between divergent clades 47 . It seems implausible that this 30-kb stretch has been maintained at such a high degree of sequence identity relative to the rest of the region since the coalescence of the two haplotypes. We propose that the observed pattern results from a classical double crossover event via an inverted loop structure during meiosis, resulting in the transfer of sequence between these two haplotypes sometime after their initial separation. We can find no evidence of the reciprocal event in sequence data, suggesting that it may have been lost from the human population.
In conclusion, we propose that the ancestral H2′ haplotype arose in eastern or central Africa and spread to southern Africa before the emergence of anatomically modern humans (Fig. 6) . Approximately 2.3 million years ago, the inversion rearranged to what we now refer as the direct orientation haplotype (H1′). This haplotype spread throughout the Homo ancestral populations in the African continent, virtually replacing the H2′ haplotype and becoming the predominant haplotype. We note that both the Denisova and Neandertal sister groups are predicted to have H1′ haplotypes 48, 49 . These early haplotypes were much simpler in their duplication architecture, similar to the patterns seen in great apes. We find that the more complex duplication architectures are particularly enriched in populations that migrated out of Africa. On the basis of sequence at the duplication loci, we estimate that the H2-specific duplication event occurred approximately 1.3 million years ago. Independent of the H2 duplication, the H1-specific duplication event occurred much more recently, approximately 250,000 years ago. Notably, we did not observe this haplotype in any of the African or Asian populations studied, suggesting that it may have been lost in these groups as a result of genetic drift. The H2D haplotype has risen to frequencies of 10-25% in European populations with virtually no genetic variation, suggesting an extremely recent and rapid expansion of this haplotype. High-coverage sequencing npg of more individuals along with fecundity data will likely shed further light on whether the high frequency of the haplotype-specific duplication in Europeans is due to selection or the effects of demographic history specific to this locus.
